BiSbTeSe 2 is a 3D topological insulator with Dirac type surface states and low bulk carrier density, as donors and acceptors compensate each other. Dominating low temperature surface transport in this material is heralded by Shubnikov-de Haas oscillations and the quantum Hall effect. Here, we experimentally probe the electronic density of states (DOS) in thin layers of BiSbTeSe 2 by capacitance experiments both without and in quantizing magnetic fields. By probing the lowest Landau levels, we show that a large fraction of the electrons filled via field effect into the system ends up in (localized) bulk states and appears as a background DOS. The surprisingly strong temperature dependence of such background DOS can be traced back to the Coulomb gap in the system.
An ideal three-dimensional (3D) topological insulator (TI) has an insulating bulk, characterized by a gap in the energy spectrum, and symmetry protected, conducting surface states ( 1,2 and references therein). As these helical surface states are not spin degenerate, 3D-TIs provide a promising platform to realize topological superconductivity, a prerequisite to search, e.g., for Majorana zero modes 3, 4 . Experimentally available TIs like Bi 2 Se 3 or Bi 2 Te 3 are, however, far from ideal as they feature, due to intrinsic defects, a relatively high electron or hole density larger than 10 18 cm −3 (see 5 and references therein). By combining p-type and n-type TI materials, i.e., by compensation, the bulk concentration can be suppressed 2, 6 . This comes at the price of large potential fluctuations at low temperatures as the resulting ionized donor and acceptor states are poorly screened and constitute a randomly fluctuating Coulomb potential, bending the band edges and creating electron and hole puddles 7, 8 . These were observed by, e.g., optical spectroscopy 5 . In the absence of metallic surface states, i.e., in fully compensated conventional semiconductors, variable range hopping governs low-temperature transport (T < 100 K) 9 . Recently, Skinner et al. have shown that the electronic density of states (DOS) in the bulk is nearly constant under these circumstances and features a Coulomb gap at the Fermi level µ 7, 8 . In 3D-TIs, in addition, Dirac surface states, which form a two-dimensional (2D) electron (hole) system, encase the bulk and constitute the dominating transport channel at low temperatures.
Here, we explore the interplay between topological surface and trivial bulk states. To this end we probe the DOS of the Dirac surface states by capacitance spectroscopy. The total capacitance C, measured between a metallic top gate and the Dirac surface states, depends on the geometric capacitance per unit area, C 0 = 0 /d, and on the quantum capacitance e 2 D(µ),
Here , d are, respectively, dielectric constant and insulator thickness, 0 the vacuum dielectric constant, and D(µ) the DOS at the Fermi level (chemical potential) µ. The quantum capacitance, connected in series to C 0 , reflects the energy spectrum of 2D electron systems [10] [11] [12] , and probes preferentially the top surface DOS in 3D-TIs 13 . At higher temperatures, D has to be replaced by the thermodynamic density of states (TDOS) at µ, D(µ) = dn/dµ, with n the carrier density. It is sketched in the upper inset of Fig. 1(d) , together with the electron-hole asymmetric, nearly E-linear DOS, given by
. Here we used that k = √ 4πn and
While in a perfect system D(E) vanishes at the CNP, disorder smears the singularity, as in case of graphene 12 . We model the potential fluctuations by a Gaussian distribution of energies with width σ, resulting in an average DOS
To convert energies into voltages we use n = C 0 (V tg − V 0 )/e, with e the elementary charge and V 0 describing n at zero voltage. By fitting D(µ) to the data in Fig. 1(d that disorder broadening is the limiting factor. By sweeping V tg across the 0-th LL, i.e., from arrow position to arrow position, the carrier density changes by the LL degeneracy ∆n = eB/h. In contrast, the change of carrier density ∆n, calculated via capacitance, ∆n = C 0 e ∆V tg , is by a factor 1.4 higher. Hence, we must assume that a large fraction of the carriers, induced by field effect, ends up in the bulk and is localized at low T .
To compare with these experiments we calculate C(V tg ) using Gaussian-broadened LLs,
, with broadening Γ. The LL spectrum dispersion
with n = 0, ±1, ±2, . . . , and the tiny Zeeman splitting was neglected. Using the above DOS is insufficient to describe the data -the distance ∆V tg between adjacent Landau gaps (marked,e.g., by arrows in Fig. 2 (a) for the 14 T trace) is too small 21 . ∆V tg is the voltage needed to fully fill the 0-th LL of the surface states. Since ∆V tg in experiment is larger than calculation (relies on the filling rate dn/dV tg ≈ C 0 /e), it means that a fraction of the field-induced electrons does not go to the surface states but eventually into the bulk. Thus a higher voltage (higher δn) is needed to fill the zeroth LL. On contrast, we obtain almost perfect agreement -see Fig. 2 (b) -if we introduce an energy-independent background DOS D b which models these bulk states 21 . The calculated TDOS we compare with experiment thus reads
with f = f (E − µ, T ) the Fermi function.
As shown in Fig. 2(b) , the constant background D b leads to excellent agreement with experiment. Although the bulk DOS is hardly directly accessible by the quantum capacitance itself (i.e., by its value), we probe it indirectly via the missing charge given by the Landau gap positions. This missing charge carrier issue holds also for the quantum Hall trace in Fig. 1(c) , where ∼ 30% of the induced electrons are missing. Indeed, it also appears in several other publications with missing electron fractions ranging from 30% (as here) to 75% (see [16] [17] [18] [19] ).
The bottom line is: The change of surface carrier density extracted from the Landau gap positions is smaller than the one "loaded" into the system within the same voltage interval. Further, the filling rate dn/dV tg determined by the classical Hall effect at 1.5 K is consistent with the one found for the surface states 21 . Thus, the charge carriers loaded at low T into the bulk are localized and do not contribute to transport. This is consistent with transport experiments 16, 27 , and also in line with what is expected in fully compensated Using a constant background affects somewhat the values extracted above from C(V tg , B = 0). Thus, we fitted the trace in Fig. 1(d Fig. 3(a) . The local minima due to Landau gaps, marked by arrows, shift with increasing T to larger V tg . The corresponding ∆V tg (T ) is shown in Fig. 3(c) . For fixed B the Landau degeneracy eB/h is constant and does not depend on temperature. The increasing ∆V tg needed to fill the 0-th LL of the surface states thus indicates that, with increasing T , more carriers are lost to the bulk. Similar behavior was found for quantum Hall data 16, 27 . Clearly, to model the Landau gap positions correctly, a strongly T -dependent TDOS is required. A simple approach consists in introducing a T -dependent background DOS, D b → D b (T ). Its values used to fit the data of Fig. 3(a) are shown in Fig. 3(d) ; the resulting C(V tg ) traces for different temperatures are plotted in Fig. 3(b) . D b is nearly constant at low T but rises quickly at higher temperatures. However, a problem with this procedure is that for noninteracting electrons the number of single-particle states in a given energy (voltage) window by definition does not depend on T . The corresponding TDOS can still be T -dependent, but only as long as the tails of ∂f /∂µ, can reach regions with substantial changes of the single particle DOS, typically close to gap edges 28 . Yet the strongly temperature-dependent signal is obtained by scanning V tg deep into the BiSbTeSe 2 gap, whose width of 300 meV is far too large to explain the observations.
Probing the Coulomb gap -A way out of this apparent dead-end is provided by the strongly fluctuating potential landscape of compensated TIs like BiSbTeSe 2 , sketched in 
To describe the experiment we need to assume that the Coulomb gap cannot instantaneously follow µ if the carrier density is, as in our capacitance experiments, modulated by 50 Hz.
The Coulomb gap stems from rearrangement of unscreened charges in a strongly disordered landscape, and its formation time depends on disorder strength and type, temperature, and magnetic field [29] [30] [31] . Indeed, the electronic many-body system is known to behave as a Coulomb glass, characterized by long reaction/relaxation times 32 . Determining the exact shape and temperature dependence of the Coulomb gap DOS is a complex problem, whose details are still under debate [33] [34] [35] [36] [37] [38] , and which is here further complicated by the presence of On the time scale of 20 ms, set by the experiment, the Coulomb gap very likely cannot follow µ, i.e. D b is only a function of E for these short times at fixed T . Hence, the second term on the right hand side of Eq. (4) vanishes. On the other hand, the timescale of about 1 minute needed to produce each data point after changing V tg should be sufficiently long to form a gap, at least partially. As the precise time scales for BiSbTeSe 2 are not known, we resort to simple DOS models to test the feasibility of our approach.
For a qualitative understanding of our experimental data, it suffices to consider a barebone model for the bulk DOS, given in normalized form
Eq. (5) describes a T -independent Coulomb gap, whose (small) residual value at E = µ is determined by the dimensionless parameter a 1, while b (with dimension of energy) fixes its width. The form is chosen so that for E → µ it reproduces the known 3D Efros-Shklovskii form ∝ (E − µ) 2 , with the addition of a residual value. The corresponding T -dependent TDOS is then given byD
We also considered an explicitly
T -dependent DOS model, mimicking the progressive filling of the Coulomb gap by thermal excitations [33] [34] [35] [36] [37] [38] . Since the simple model fits the data equally well, we do not discuss it here 21 .
In Fig. 4(c) we compare the measured TDOS, D b (T ) and the calculated one,D b (T ), each normalized to the corresponding value at 1.5 K. Using a Coulomb gap width of 11.7 meV yields perfect agreement with experiment. The corresponding TDOSD b (E, 0), calculated using Eq.(4) for µ = 0 is displayed in Fig. 4(d) . At the position of µ, the TDOS is strongly T -dependent. It is this value which we conclude to observe in experiment. If, for a given temperature, the chemical potential is shifted via V tg , the gap follows. This is the reason why using a constant background TDOS gives excellent agreement with the experimental data, as shown in Fig. 3 .
In summary, we found that correctly describing the position of the Landau gaps in the BiSbTeSe 2 capacitance-voltage signal requires to introduce a constant but strongly temperature-dependent background TDOS. This suggests that we are probing the effective single particle DOS in the Coulomb gap. The latter follows the chemical potential as we adjust the reference top gate potential, but is accessible to our capacitance measurement due to its slow (glassy) dynamics. Our picture accounts for the large amount of charge missing from surface states in BiSbTeSe 2 transport experiments.
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Here we assume, for simplicity, that the two surfaces are equivalent, having the same carrier density n s and mobility µ s . The corresponding fit is shown in Fig. S1a , where we obtained remarkable good agreement. In addition, the fitting also yields ρ s = 3801 + 20.5 · T , and ρ b = 234 · exp(31 meV/k B T ) and thus the effective energy gap ∆ = 62 meV. Compared to the nominal energy gap ∆ ≈ 300 meV 2 , the effective gap is 5-times smaller. This is consistent with previous reports 3 and a consequence of the coexisting electron and hole puddles which stem from the large potential fluctuations in
BSTS.
At sufficiently low temperature (e.g., 1.5 K), the conduction is almost entirely dominated by Dirac surface states, also verified in Ref. 4 . However, at higher temperatures, bulk carriers are activated and contribute to transport. At T = 58 K, using the results from the fit above, and by assuming a typical, temperature independent value of µ b = 200 cm 2 /Vs, we obtain n b = 2.7 · 10 11 cm −2 . The same way, the carrier density at zero gate voltage on each surface is n s = 6.3 · 10 11 cm −2 , using µ b = 2000 cm 2 /Vs. Thus the delocalized bulk carrier density is comparable to that in the surface states.
The bulk carrier density at 58 K, n b , can also be estimated from the constant DOS background D b (T ). ARPES measurements show that pristine BSTS is slightly p-type doped. 2 Thus, the bulk hole concentration
is the Fermi-Dirac function. D b (T = 58 K) = 17.4 · 10 35 m −2 J −1 , can be read from Fig. 3d in the main text. Here, µ is slightly below the Dirac point, µ ≈ −25 meV. 2 With these values one obtains n b = 7 · 10 11 cm −2 , which is of the same order and comparable to the estimate given above. 
II. DETERMINING ∆V tg
Here we show how ∆V tg in Fig. 2 always smaller (marked by ∆V tg in Fig. S3 ) than observed in experiment if D b is set to 0, no matter how the other parameters are chosen. This discrepancy becomes much larger at higher temperatures.
IV. ESTIMATING THE FILLING RATE FROM HALL MEASUREMENTS.
The filling rate dn/dV tg extracted from the position of the Landau gaps on the gate voltage scale in the main text ( Fig. 2(a) and Fig. 3(a) ) is smaller than C 0 /e, expected from the insulator capacitance C 0 . Fig. S4 shows that the reduced filling rate is also measured by the classical Hall slope.
The Hall data were taken at 1.5 K by sweeping the top gate voltage (V tg ) at fixed B, as well as by sweeping B at fixed V tg . The device shows at such low temperature surface dominated conduction, which takes place in top and bottom surface. From Fig. 1(c) in the main text, we see that at zero gate voltage, both top and bottom surfaces are slightly pdoped. By grounding the back gate and sweeping V tg from 5 to -5 V, one changes the carrier type in the top surface. For V tg < 0 in Fig. S4 , p-type conduction prevails in top and bottom surfaces. The total carrier density and the total filling rate in this regime can be simply obtained from the one carrier Drude model. The filling rate, i.e., the change of total density with gate voltage, is given by the slope of the red line in Fig. S4 . The corresponding filling rate is 3.2 · 10 11 cm −2 V −1 . This is consistent with the filling rate displayed by the QHE data in the main text (4 · 10 11 cm −2 V −1 , using ∆V tg = 0.84 V from Fig. 3(c) ). Similar conclusions can be found in 4 .
V. COMPARING FITTING OF C-V AT B = 0 T AND T = 1.5 K WITH AND
WITHOUT BACKGROUND DOS
The B = 0 capacitance trace in Fig. 1(d) of the main text we fitted without using a background DOS D b . While the B = 0 data can be well fitted using D b = 0, the capacitance data in quantizing magnetic field can not. In Fig. S5 we show that the data of Fig. 1(d) can be likewise fitted with a finite DOS D b . As a result, the energy broadening becomes significantly smaller, but the important parameters like Fermi velocity v F and effective mass m * stay within 20% the same.
VI. A TEMPERATURE-DEPENDENT DOS MODEL
Consider the (normalised) model DOS 
Eq. (6) extends the T -independent minimal model employed in the manuscript, and takes into account the Coulomb gap T -dependence which arises from its progressive filling by thermal excitations once T = 0 5-10 . It does it so as to agree with the universal behavior obtained by Mogilyanskii and Raikh 6 at low T and low energy, with the addition of a
